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ma旭vs	 recorded	 movements	 is	 the	 app旭ication	 of	 hidden	Markov	 mode旭s	 ｪHMMsｫp	
which	a旭旭ow	for	the	identification	of	旭atent	behaviora旭	states	in	the	movement	paths	


















ising	way	of	 adding	va旭ue	 to	 tagging	 studies	because	 inferences	 about	movement	
behavior	can	be	gained	from	a	旭arger	proportion	of	datasetsp	making	tagging	studies	
more	re旭evant	to	management	and	more	cost､	effectives
ゼグザゴ科 |科 科架 GRIFFITHS ET AL.
ゲ科 |科INTRODUC TION
The	spatia旭	management	of	the	marine	wor旭d	requires	 in､	depth	 in､
formation	 about	 how	 anima旭s	movep	when	 they	movep	 and	where	
they	move	tos	Key	to	increasing	our	understanding	of	species	space	
usep	movement	patternsp	and	how	individua旭s	interact	with	the	en､
vironment	 they	 inhabit	 is	 the	 rising	 dep旭oyment	 of	 sma旭旭	 and	 re旭i､
ab旭e	data	旭oggers	and	transmitters	on	free､	roaming	marine	anima旭s	






events	 ｪB旭ock	 et	a旭sp	 ゴグゲゲｫp	 high旭ighted	 areas	 that	 are	 essentia旭	 for	
species	surviva旭	ｪRaymond	et	a旭sp	ゴグゲズｫp	and	even	a旭旭owed	us	to	test	
the	 effectiveness	 of	 current	 conservation	 po旭icies	 ｪPittman	 et	a旭sp	
ゴグゲジq	Scott	et	a旭sp	ゴグゲゴｫs
One	of	the	main	motivations	for	anima旭､	borne	te旭emetry	studies	




temsp	 as	 individua旭	 observations	 provide	 our	 on旭y	 insight	 into	 the	
otherwise	 unobservab旭es	 Achieving	 this	 sca旭ing	 of	 inference	 from	
individua旭	movement	patterns	to	popu旭ation	dynamics	requires	two	
important	componentss	The	first	 is	an	adequate	samp旭e	size	 ｪnum､
ber	 of	 individua旭sｫ	 to	 address	 the	 eco旭ogica旭	 question	 of	 interest	
ｪHebb旭ewhite	ｹ	Haydonp	ゴグゲグｫ	and	secondp	a	 statistica旭	means	by	





conservation	 and	 spatia旭	 management	 ｪHebb旭ewhite	 ｹ	 Haydonp	
ゴグゲグq	 McGowan	 et	a旭sp	 ゴグゲゼq	 Nguyen	 et	a旭sp	 ゴグゲゼq	 Ogburn	 et	a旭sp	
ゴグゲゼｫs	Tags	can	be	expensive	ｪMcGowan	et	a旭sp	ゴグゲゼｫp	are	 旭iab旭e	to	
occasiona旭	 fai旭ure	 or	 旭ossp	 and	 often	 resu旭t	 in	 individua旭	 pathways	
that	are	data､	poor	or	have	a	 旭ow	number	of	observationss	As	a	re､
su旭tp	 meeting	 the	 minimum	 samp旭e	 size	 of	 ゴグ	┊		 individua旭s	 when	
making	 simp旭e	 statistica旭	 comparisons	 between	 popu旭ations	 is	 un､
common	 ｪHebb旭ewhite	 ｹ	Haydonp	 ゴグゲグｫp	 with	 even	 greater	 num､
bers	needed	when	 testing	 for	 the	effects	of	agep	 sexp	 and	species	
identity	 ｪLindberg	ｹ	Wa旭kerp	ゴググゼｫs	 In	 the	absence	of	a	 co旭旭abora､
tive	 effort	 across	 mu旭tip旭e	 institutions	 ｪB旭ock	 et	a旭sp	 ゴグゲゲq	 Hinde旭旭	
et	a旭sp	ゴグゲ葦ｫp	a	significant	 increase	in	funding	or	a	community､wide	
shift	to	data	sharing	ｪesgsp	via	on旭ine	data	repositories	旭ike	Movebank	
､	 Kranstauber	 et	a旭sp	 ゴグゲゲｫq	 it	 wou旭d	 appear	 that	 the	 most	 viab旭e	
route	toward	robust	popu旭ation､	旭eve旭	inferences	is	approaches	that	
make	the	most	of	the	tagging	data	we	a旭ready	haves
Among	 the	 many	 methodo旭ogica旭	 deve旭opments	 that	 uti旭ize	
movement	 data	 to	 answer	 eco旭ogica旭	 questionsp	 hidden	 Markov	
mode旭s	 ｪHMMsｫ	 and	hidden	 semi､Markov	mode旭s	 have	 taken	 cen､
ter	 stage	 ｪesgs	 DeRuiter	 et	 a旭sp	 ゴグゲ葦q	McKe旭旭arp	 Langrockp	Wa旭tersp	
ｹ	Kes旭erp	ゴグゲズq	Miche旭otp	Langrockp	ｹ	Pattersonp	ゴグゲ葦q	Towner	et	
a旭sp	ゴグゲ葦ｫs	Favored	because	they	match	our	initiative	understanding	






taneous旭y	 in	 both	 the	 frequentist	 ｪLangrock	 et	a旭sp	 ゴグゲゴq	McKe旭旭ar	
et	a旭sp	 ゴグゲズｫ	 and	 Bayesian	 statistica旭	 paradigms	 ｪJonsenp	 ゴグゲ葦q	






























K E Y W O R D S
At旭antic	codp	data	storage	tagsp	European	p旭aicep	hidden	Markov	mode旭ingp	movement	
behaviorp	popu旭ation､旭eve旭	patternsp	priors
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morhuaｫ	and	European	p旭aice	ｪPleuronectes platessaｫ	in	the	North	Sea	
and	 Eng旭ish	Channe旭s	 Both	At旭antic	 cod	 and	 European	 p旭aice	 have	
significant	commercia旭	and	conservation	va旭ue	and	as	a	resu旭t	have	
been	 the	 subject	 of	 severa旭	 旭ong､	term	 tagging	 programs	 ｪHobsonp	
Rightonp	Metca旭fep	ｹ	Haysp	 ゴググゼp	ゴググゾq	Hunterp	Metca旭fep	Arno旭dp	
ｹ	Reyno旭dsp	ゴググジq	Hunterp	Metca旭fep	OvBrienp	Arno旭dp	ｹ	Reyno旭dsp	
ゴググジq	 Rightonp	Metca旭fep	ｹ	Conno旭旭yp	 ゴググゲｫs	Drawing	 on	 thisp	 the	
rest	 of	 this	 paper	 considers	 a	 case	 study	 of	 ゲグゼ	 individua旭	 bivari､
ate	movement	pathsp	many	of	which	ｪn	┎	ゼザｫ	have	旭imited	observa､
tions	and｠or	旭ack	c旭ear	bio旭ogica旭	signa旭ss	Our	findings	demonstrate	
c旭ear	 spatiotempora旭	 patterns	 in	 the	movement	behavior	of	 either	
species	 that	 are	 consistent	 with	 individua旭､	旭eve旭	 studies	 ｪHobson	




seasona旭	basisp	with	c旭ear	 consequences	 for	 fisheries	management	
and	conservations










Each	DST	was	 programmed	 to	 record	 depth	 ｪmｫ	 at	 ゲグ､	min	 in､
terva旭s	 for	 the	duration	of	dep旭oyments	The	 first	ゴ	weeks	 and	 the	
旭ast	day	of	every	time	series	were	exc旭uded	to	remove	any	errone､







fish	was	 taken	 direct旭y	 from	 the	 raw	DST	 data	 by	 ca旭cu旭ating	 the	
abso旭ute	difference	between	corresponding	ゲグ､	min	depth	measure､
ments	 and	 summing	 the	va旭ues	 for	 each	day	 at	 旭ibertys	Horizonta旭	
movement	ｪm｠dayｫp	in	comparisonp	was	inferred	indirect旭y	from	the	
depth	data	in	a	two､	step	approachs	Firstp	dai旭y	geo旭ocation	estimates	
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At旭antic	cod	and	European	p旭aice	see	Hunterp	Metca旭fep	Arno旭d	et	a旭s	






seabed	 ｪMetca旭fep	 Hunterp	 ｹ	 Buck旭eyp	 ゴググ葦q	 Righton	 et	a旭sp	 ゴグゲグｫs	
Thusp	we	consider	a	discrete	ゴ､	state	HMMs	We	 旭abe旭	 state	one	as	
wresidentx	 ｪRｫp	 representing	 periods	 of	 time	 with	 旭ow	 movement	
ratess	We	 旭abe旭	 state	 two	 as	 wmigratingx	 ｪMｫp	 representing	 a	much	
more	 active	 phase	 where	 movement	 rates	 in	 the	 horizonta旭	 and	
vertica旭	dimension	are	great旭y	increaseds	As	in	a旭旭	attempts	to	infer	
behavior	 from	movement	observationsp	 state	 旭abe旭s	must	be	 inter､
preted	with	care	as	 they	provide	simp旭ified	proxies	of	unobserved	
behaviora旭	modesp	not	direct	equiva旭ents	ｪPatterson	et	a旭sp	ゴグゲゼｫs
For	a	movement	path	of	 旭ength	Tp	 it	 is	assumed	that	an	under､
旭yingp	nonobserved	state	sequence	S1p	tp	STp	taking	va旭ues	in	ｮRp	M} 
describes	the	persistence	within	and	stochastic	switching	between	













variate	norma旭	density	 stated	 in	 equation	ザs	We	a旭旭ow	distinct	pa､








by	 integrating	over	a旭旭	possib旭e	 state	 sequences	using	 the	 forward	
a旭gorithm	 ｪZucchinip	 MacDona旭dp	 ｹ	 Langrockp	 ゴグゲ葦ｫs	 Framing	 the	





used	 to	 conduct	 statistica旭	 inference	 are	 given	 in	 Zucchini	 et	 a旭s	
ｪゴグゲ葦ｫp	 for	 the	 particu旭ar	 case	 of	 anima旭	 movement	 mode旭ing	 see	
Patterson	et	a旭s	ｪゴグゲゼｫs	For	our	case	studyp	we	used	the	R	optimiza､
tion	routine	optim	to	numerica旭旭y	maximize	the	旭og	posterior	densitys	
State	a旭旭ocation	 is	carried	out	by	se旭ecting	 the	most	 旭ike旭y	 state	at	
each	time	point	separate旭ys
Periods	of	re旭ative	 inactivity	 ｪ旭ow	h	and	v	movement	ratesｫ	can	












sets	 Each	 parameter	 set	 consists	 of	 ゲゴ	 estimated	 parametersp	
two	 transition	probabi旭ities	and	ゴ	sets	of	ズ	parameters	describ､
ing	 the	mean	 ｪμjｫ	 and	covariance	 ｪΣjｫ	of	each	states	A	 tota旭	num､
ber	of	ゴジp葦ゴジ	days	ｪAt旭antic	cod	┎	ゾゴゾグ	daysq	European	p旭aice	┎	
ゲズpザザジ	daysｫ	were	 considereds	 As	 expectedp	 the	 resu旭ting	 state	
sequences	 are	 predominate旭y	 made	 up	 of	 two	 c旭ear旭y	 defined	
behaviora旭	 modes	 ･	 one	 more	 active	 and	 one	 旭ess	 active	 ｪsee	
Supporting	 informationr	Figures	Sゲ	and	Sゴ	 for	examp旭e	outputｫs	
Howeverp	 the	 parameters	 describing	 the	 numerica旭	 structure	 of	
these	 modes	 showed	 great	 variation	 among	 fishp	 with	 no	 c旭ear	
consistencys	 Moreoverp	 a	 handfu旭	 of	 movement	 paths	 fai旭ed	 to	
achieve	mode旭	 convergencep	 as	 an	 upper	 thresho旭d	 of	 observa､





criteria	 out旭ined	 in	 Supporting	 informationr	 Figure	 Sザp	 we	 se旭ect	
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used	to	construct	Gaussian	distributions	ｪFigure	ゴｫp	N (m,)	where	m 
and	δ	are	dimension	ｪh or vｫ	dp	state	j	and	species	specific	given	the	
se旭ected	 samp旭es	 These	 informative	 distributions	 ｪジ	 per	 speciesｫp	














differences	 between	mode旭	 fit	 for	 one	 of	 the	 data､	poor	 movement	
paths	are	provided	ｪSupporting	informationr	Figure	Sゼｫs
A旭旭	HMMs	were	 coded	 and	 imp旭emented	 in	R	 ｪR	Deve旭opment	
Core	Teamp	ゴグゲ葦q	 see	Supporting	 Information	document	ゴ	 for	ex､
amp旭e	codeｫs	A旭旭	p旭ots	were	generated	using	the	ggplot2	ｪWickhamp	
ゴググゾｫ	 and	 ggmap	 ｪKah旭e	 ｹ	 Wickhamp	 ゴグゲザｫ	 packages	 in	 R	 ｪR	





When	imposing	prior	distributions	 in	statistica旭	mode旭s	 it	 is	a旭ways	
important	to	test	what	 inf旭uence	those	priors	have	on	the	mode旭sv	
predictionsp	 in	 our	 case	 the	 mode旭vs	 estimated	 state	 sequencess	
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probabi旭ity	prior	we	varied	the	α	and	β	va旭ues	that	characterize	the	
















To	 assess	 the	 advantages	 of	 using	 bivariate	 responsesp	
we	 a旭so	 carried	 out	 an	 ana旭ysis	 using	 a	 univariate	 obser､
vation	 mode旭p	 considering	 on旭y	 movements	 made	 in	 the	
horizonta旭	 dimensions	 The	 same	 mode旭	 for	 transition	 prob､
abi旭ities	 is	 used	 as	 described	 aboves	 We	 app旭y	 this	 approach	
to	 the	 ザジ	 fish	 ｪAt旭antic	 codp	 n	┎	ゲゲq	 European	 p旭aicep	 n	┎	ゴザｫ	
previous旭y	 characterized	 as	 data､	rich	 movement	 pathss 




comprise	 the	 popu旭ationp	we	 used	 individua旭	movement	 behaviors	














ズ	km2	 grid	 ce旭旭s	 ｪMaxwe旭旭	 et	a旭sp	 ゴグゲゲq	Womb旭e	ｹ	Gendep	 ゴグゲザｫs	
Specified	 time	 periods	 were	 state､	dependent	 and	 based	 on	 a	
week旭y	averaged	probabi旭ity	of	observing	a	given	state	across	a旭旭	
individua旭s	exceeding	グsズs	Successive	weeks	c旭assified	to	the	same	
behaviora旭	 state	were	 then	 groupeds	 In	 At旭antic	 cod	 this	meant	
旭ocations	 that	were	 c旭assified	 to	 a	 resident	 state	 between	 June	









riods	 of	 high旭y	 directed	movement	when	 in	 a	migratory	 state	 and	
periods	of	random	and	high旭y	旭oca旭ized	movements	when	in	the	旭ess	
active	 resident	 state	 ｪFigure	ザｫs	Time	spent	 in	either	 state	and	 the	









The	 majority	 of	 individua旭	 time	 series	 had	 observations	 that	
shifted	between	resident	and	migratory	states	ｪn	┎	ジゲ	At旭antic	codp	
n	┎	葦グ	 European	 p旭aiceｫs	 Howeverp	 a	 sma旭旭	 number	 of	 individua旭s	





duration	┎	ズ葦	┓	ゴゲ	daysｫ	 and	 were	 re旭eased	 throughout	 the	 year	
ｪNovember･Mayｫs
ザsゴ科|科Popu旭ation patterns
The	mean	probabi旭ity	of	observing	a	 resident	 state	and	 the	pro､













Studentvs	 t	 testp	 p	┑	グsググゲq	migratingp	 Studentvs	 t	 testp	 p	┑	グsググゲｫs	 In	
the	 resident	 statep	p旭aice	 from	 the	Southern	North	Sea	and	German	
科架 科 | 科ゼグザゼGRIFFITHS ET AL.
Bight	moved	on	average	葦sズ	km｠day	horizonta旭旭y	and	between	ゴグsグ	and	





















Minima旭	 change	 in	 the	 c旭assification	 of	 states	 was	 found	 dur､
ing	 prior	 sensitivity	 ana旭ysis	 ｪSupporting	 informationr	 Tab旭e	 Sザｫs	 
Re､running	 the	HMM	with	 changes	 to	 the	 transition	 probabi旭ity	








ザsジ科|科Distribution of state dwe旭旭 times
In	an	HMMp	the	旭ength	of	time	that	an	individua旭	spends	in	one	state	
before	switching	to	the	other	necessari旭y	fo旭旭ows	a	geometric	distri､
butions	Poo旭ing	across	 individua旭sp	we	 find	 that	 these	distributions	





















ゼグザ芦科 |科 科架 GRIFFITHS ET AL.
Substock












ゾsゴ 31.5 ゲザsゾ 158.3
Eng旭ish	
Channe旭




6.4 20.0 ゲゴsゾ 115.6
German	Bight 6.6 26.1 ゲジsゾ 125.8
Centra旭	North	
Sea


































ゼグジグ科 |科 科架 GRIFFITHS ET AL.
shifts	 in	movement	behavior	 from	a	 旭arge	 samp旭e	 size	of	 bivariate	
movement	pathwayss	We	demonstrated	where	and	when	shifts	be､
tween	 two	eco旭ogica旭旭y	meaningfu旭	 states	are	most	 旭ike旭y	 to	occur	
and	add	further	confidence	to	observations	of	seasona旭	dependence	








retention	of	 a旭旭	 individua旭､	旭eve旭	 information	 is	 favorab旭e	because	 it	
maximized	our	samp旭e	size	and	旭ends	more	information	to	our	ana旭､
ysiss	 Secondp	 our	 approach	 ensures	 that	 state	 旭abe旭s	 are	 a旭旭ocated	





Studies	 that	 c旭assify	 behavior	 based	 on	 horizonta旭	 and	 verti､
ca旭	movements	are	 rare	 ｪbut	 see	Breedp	Bowenp	ｹ	Leonardp	ゴグゲザq	












by	 sha旭旭ow	dives	 and	 short	horizonta旭	movements	 ｪDeRuiter	 et	a旭sp	
ゴグゲ葦ｫs	Future	studies	may	find	simi旭ar	observation	mode旭s	a	power､
fu旭	too旭	for	investigating	the	dependences	of	horizonta旭	and	vertica旭	
movement	 rates	 ｪCarterp	 Bennettp	 Emb旭ingp	 Hosegoodp	 ｹ	 Russe旭旭p	
ゴグゲ葦ｫs
Our	 estimates	 of	 average	movement	 rates	 are	 consistent	with	
previous	works	In	codp	horizonta旭	movement	rates	whi旭e	in	the	migra､
tory	state	are	shown	to	be	approximate旭y	ゲザsズ	km｠day	which	is	com､









Much	 work	 has	 considered	 the	 horizonta旭	 and	 vertica旭	 move､
ments	 of	 At旭antic	 cod	 ｪHobson	 et	a旭sp	 ゴググゼp	 ゴググゾｫ	 and	 European	
p旭aice	 ｪHunterp	 Metca旭fep	 Arno旭dp	 et	a旭sp	 ゴググジq	 Hunterp	 Metca旭fep	
OvBrienp	 Arno旭dp	 and	 Reyno旭dsp	 ゴググジｫp	 noting	 strong	 seasona旭	 de､
pendence	in	the	movement	patterns	of	individua旭	fishs	Here	we	add	






support	 the	hypothesis	 that	both	species	spend	their	summer	 in	a	
sedentary	state	with	minima旭	activity	 旭eve旭s	 ｪMetca旭fe	et	a旭sp	ゴググ葦q	
Righton	et	a旭sp	ゴグゲグｫs	Movement	rates	then	ramp	up	during	the	win､
ter	 and	 ear旭y	 spring	 ｪOctober･March	 in	 p旭aiceq	 December･May	 in	
codｫp	 resu旭ting	 in	 a	 co旭旭ective	 shift	 in	 states	As	 in	 previous	 studies	
ｪHobson	et	a旭sp	ゴググゼq	Hunter	et	a旭sp	ゴググジbｫp	we	interpret	this	shift	to	
be	ref旭ective	of	prespawning	migrationsp	the	onset	of	spawning	and	
subsequent	 postspawning	 migrationss	 One	 旭imitation	 of	 the	 two､	
state	mode旭	considered	here	is	that	we	cannot	direct旭y	infer	foraging	















Over	 the	 旭ast	 ゼグ	yearsp	 旭andings	 data	 for	 the	 North	 Sea	 and	
Eng旭ish	Channe旭	demonstrate	that	catch	per	unit	effort	 ｪCPUEｫ	for	
demersa旭	 species	 is	 higher	 during	 the	 summer	 months	 ｪRightonp	
Townhi旭旭p	ｹ	Van	Der	Kooijp	ゴググゾｫs	Such	 increases	 in	CPUE	are	un､
doubted旭y	 旭inked	 to	 changes	 in	 the	 popu旭ationsv	 under旭ying	move､
ment	behaviorp	as	time	spent	on	the	seabed	resu旭ts	in	an	increased	












suresp	 as	 strategies	 typica旭旭y	 invo旭ve	 gear	 restrictions	 ｪMoustakasp	
Si旭vertp	ｹ	Dimitromano旭akisp	ゴググ葦ｫ	aimed	at	旭imiting	the	exp旭oitation	
科架 科 | 科ゼグジゲGRIFFITHS ET AL.
of	 certain	 species｠旭ife	 stages	 and	 spatia旭	 fisheries	 c旭osures	 aimed	




individua旭	 variations	 Current旭y	 we	 assume	 that	 by	 ana旭yzing	 the	




distributions	 and	 make	 no	 attempt	 to	 exp旭ain	 any	 deviance	 away	
from	this	wexpectedx	processs	One	way	to	improve	our	approach	and	










of	 these	 factors	 is	 beyond	 the	 scope	 of	 this	 papers	 Howeverp	 we	




Techno旭ogica旭	 advancements	 in	 te旭emetry	 devices	 have	 旭ed	 to	
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